Ultrawideband electromagnetic pulses with high amplitude and short duration are reported to affect several aspects of cell physiology. They are usually delivered to the living material through electrodes in small dedicated chambers. Here we showed, using a totally different experimental setup, that radiated EM pulses illuminating the living material through a specialized antenna (without any direct contact) are able to trigger a rapid release of ATP in cultured murine cells that was concomitant with a drop of intracellular AEC. Despite this rapid and strong response, we found that cell viability and clonogenicity were only slightly affected by the EMF exposure.
Introduction
Electromagnetic-pulsed radiation is nowadays increasingly used for diverse military [1] and civilian (mainly medical) purposes [2] , including cancer therapy and chronic pain treatment [3] - [5] . This technology is also giving rise to new kind of radar imagery both in the medical and military area [6] , including generation of electromagnetic weapons based on high power ultrashort (nanosecond) electromagnetic pulses, commonly designated as Ultra-WideBand electromagnetic radiation (UWB). Their specific properties, namely a very high amplitude (several dozens of kV•m −1 ), a complex temporal signature and an ultrashort (nanosecond) duration, make them difficult to produce and little is known on their overall possible effects on living organism (including human). It is worth noting that the very low energy transfers from the electromagnetic waves to the living material, mainly due to the ultrashort duration, only allows for non-thermal effects to arise [7] .
The most common method used to apply such electromagnetic radiation to living organisms consists of a direct injection of pulsed electric field using a small chamber surrounded by metallic electrodes [8] . This allows an effective technical set-up and an excellent control and transfer of the electromagnetic waves to the living cells or organisms that are maintained in an appropriate liquid medium. Indeed, numerous physiological modifications, including changes in signaling pathways, were reported after exposing cell or living tissues to various kinds of pulsed electromagnetic fields. The exposure could lead to DNA damage and cell viability issues [9] or cell apoptosis in human cells [10] . A cytosolic calcium increase followed by caspase activation arose in human lymphocytes after nanosecond pulse [11] . Exposure of pre-neoplastic CL-S1 mammary epithelial cells to 18 kV•m −1 , 1 kHz repetition rate, 10 ns pulse during 4 -6 h promote their proliferation through the mitogen-activated protein kinase (MAPK) signaling pathway [12] . The mitogenic activity in AML-12 Mouse Hepatocytes was increased after 2 h exposure to UWB radiations (pulse width of 10 ns, repetition rate of 1 kHz, amplitude of 5 -20 kV•m −1 ) through the induction of cyclin A [13] . These physiological alterations are mainly understood as being the consequence of cell membrane permeabilization. Indeed, it is well known that electromagnetic pulses provided to biological samples using electrodes in a small chamber evoke the formation of pores both in the plasmalemma [14] [15] and in the nuclear membrane [16] . Experiments demonstrated that the pores were created very rapidly (within a few nano seconds) and that their number, conductance and size were proportional to the pulsed electric strength [17] - [19] . The increase in membrane conductance allows external ionic and polar molecules, normally efficiently blocked by the highly hydrophobic living membranes, to enter or exit the cell [20] [18], especially as the resealing of the cell membrane is a slow process that lasts for minutes [21] - [23] . Adenosine tri-phosphate (ATP) is a highly polar intracellular energy-related and signal molecule that is commonly used to report pore formation in the plasma membrane [24] because of the very low membrane permeability toward ATP. Thus, the so-called extracellular ATP (eATP) might appear as a major physiological event [25] especially in the context of electromagnetic or electric field stimulation [24] [26] . Aside from the formation of pores, an increasing number of reports highlight the existence of stretch or mechano-sensitive ATP-channels that could be involved in ATP release and indirect evidences suggest their involvement in cells responses to UWB exposure [27] .
In contrast to the electrode-based electromagnetic pulses injection, the use of radiating antennas to perform, at a distance, stimulations of the biological samples (not by direct contact of electrodes with the culture medium) received only little attention. This kind of exposure is however quite commonly encountered in various kinds of environments, both in civilian and military areas. Very little information is indeed available at present time to decipher if living organisms 1) actually respond to radiated UWB radiation and 2) if these responses behave similarly or differently from those observed after direct UWB surge application by immersed electrodes. Our aim in the present work was to determine if high power UWB electromagnetic waves emitted by a Koshelev antenna induce physiological changes in cultured animal cells. Here we report evidences showing that radiated UWB electromagnetic pulses cause a rapid and important ATP release, significantly diminished cell clonogenicity, but only slightly affects overall cell viability.
Material and Methods

Cell Culture
Murine melanoma cells (B16F10) were maintained (37˚C, 5% CO 2 ) in Dulbecco's modified Eagle's medium (DMEM) high glucose containing 10% heat inactivated FBS and supplemented with penicillin (100 U•mL −1 ), streptomycin (100 µg•mL −1 ) and L-glutamine (2 mM). The cells were transferred on fresh medium every 2 days.
Electromagnetic Stimulation Design and Exposure Experiments
All radiation tests were performed in an anechoic chamber. A high pulsed power generator combined with an ad hoc antenna was used for the generation of high-power electromagnetic waves. Figure 1(a) summarizes the experimental set-up. A signal was first shaped using a high voltage pulse generator (Kentech model PBG5, with a 250 ps rise-time measured from 10% to 90% of the amplitude value, a 2.4 ns duration measured at 50% of the peak value, and a 2 kV peak value for a 50 Ω load). Then, a Koshelev-like ultra wide band antenna [28] radiated this transient electromagnetic signal in the form of repetitive pulses (100 Hz pulse repetition frequency). This compact antenna (38.5 × 30 × 30 cm 3 ) has been designed and optimized by CISTEME [29] to widen the bandwidth from 200 MHz to 2 GHz. The biological samples were located in the antenna heart between the two radiating elements (Figure 1(b) ). At the same position but in the absence of the biological samples, the ultra wide band EM field was measured with an electric field surface sensor made of a SMA connector whose metallic shield was connected to the antenna and the inner conductor was introduced in the antenna. The length of the inner conductor is very short (less than 1mm) so that it is considered as a non-intrusive derivative sensor with a very high bandwidth (more than 10's of GHz):
. K is obtained from calibration using a network analyzer. The signal was monitored with a numerical oscilloscope (Lecroy-Waverunner, model 640 Zi, Figure 2 (a)). The electric field radiated by the antenna was also simulated and verified using the temporal solver of CST Microwave Studio® (Figure 2(b) ). The rise-time is 0.25 ns, corresponding to an UWB frequency spectrum [15] . (b) Spatial electric field distribution in the Koshelev-like antenna in absence of the Petri dish. This numerical simulation performed with CST Microwave Studio® shows that the electric field amplitude is maximal at the antenna center, where the biological samples are located (cross marker). Numerical peak value is 845 kV•m −1 , for a vertical distance between the two radiating element of 2.8 cm.
We exposed the B16F10 cells plated in a 3 cm Petri dish in triplicate at room temperature to 60,000 electromagnetic pulses (2 distinct 5 min 30,000 pulses each, peak-intensity 930 kV•m −1 , separated by 20 min interval, with 100 Hz pulse repetition frequency). The temperature of the culture medium was monitored with an optic fiber thermometer (Luxtron 812) and found to be not affected by the electromagnetic pulses. Shame (i.e. control) experiments were done exactly the same way, except that the Kentech amplifier was turned-off.
Measurement of Extracellular ATP (eATP) Concentration
ATP release in the culture medium was measured using the ATP bioluminescence assay kit HS II (Roche Diagnostic) as described by the manufacturer. Briefly, 5 × 10 5 cells were subjected to the electromagnetic stimulation in the Petri dish and 110 µL of the suspension were collected and centrifuged. The supernatant (50 µl) was used for ATP determination immediately after the addition of an equal volume of Luciferin/luciferase mixture. The bioluminescence was measured in opaque 96-wells plate to avoid optical leaks using a Berthold LB-96V microplate luminometer. The ATP concentration in sample was determined using a standard curve made with 10-fold serial dilutions of ATP and expressed as relative to the eATP concentration of the control (i.e. non exposed) sample. A positive hypotonic stress control, known to cause a massive ATP release, was performing by adding 1 mL of deionized sterile water to the Petri-Dish. The adenylate energy charge (AEC) was determined as previously described [30] and calculated with the following equation:
Clonogenic and Viability Assays
Clonogenic capacity was determined in Petri-dishes seeded with 5 × 10 3 cells in DMEM, 10% FBS in the presence (or absence) of 500 pM of the P2X receptor agonist BzATP. After 24 h, the cells were exposed to electromagnetic pulses and allowed to growth for 5 days. The colonies were counted after cell staining with crystal violet. The cell viability was evaluated in Petri-dishes seeded with 3 × 10 5 cells in DMEM, 10% FBS. The cells were exposed 24 h later to the electromagnetic pulses and the surviving cells counted 48 h later after trypan blue staining.
Results
Ultra Wide Band Electromagnetic Field Characteristics
The measured waveform of the transient electric field at the petri dish location and numerical simulation of electromagnetic field values are reported in Figure 2 . The measured main peak signal amplitude reached 930 kV•m −1 with an apparent rise-time of 0.25 ns (measured from 10% to 90% of the amplitude value, Figure 2(a) ). Very similar results were obtained from numerical simulations of the exposure, both for the rise-time and the peak amplitude (841 kV•m −1 , Figure 2(b) ). Furthermore, the spatial distribution of the EM field amplitude shows that this latter reached the maximum in the neighborhood where the Petri dish has been placed for the stimulations (Figure 2(b) ).
Biological Responses of B16F10 Cells
The overall viability of B16F10 cells was not affected by the radiated electromagnetic pulses ( Table 1) . The percentage of living cells was high (>97%) in the control (unstimulated cells) and was not modified by the UWB radiation exposure, whatever the treatment configuration (1 set of 60,000 pulses or 2 sets of 30,000 pulses each). This result also indicated that the different manipulations of the Petri-dishes that were required for the UWB radiation exposure were not an issue for the B16F10 cells.
As expected, the eATP concentration was low in the culture medium of B16F10 cells and readily increased after the application of the radiated electromagnetic pulses (Figure 3(a) ). The concentration more than doubled 2.5 min after the treatment to reach a maximum increase (about 5.5-fold) after 15 min, and started to decline after 30 min, where it was about 4-fold the level observed in the control condition. While this increase in ATP in the culture medium was strong and rapid, it was about 3-fold lower than the positive (hypotonic stress) control that caused an over 15-fold increase only 5 min after the treatment (Figure 3(b) ), suggesting that the ATP Table 1 . Clonogenicity, cell survival and adenylate energy charge after exposure to UWB radiation. Clonogenicity was determined in control cells (sham), in the presence of bzATP and after exposure to UWB radiation (2 sets of 30,000 pulses or a single set of 60,000 pulses). Cell viability and Adenylate Energy Charge (AEC) was measured in control (sham) and after ex-posure to UWB radiation (2 sets of 30,000 pulses or a single set of 60,000 pulses). Each value is the mean of three independent experiments ± se. , 100 Hz pulse repetition frequency) expressed relatively to the control, unexposed sample taken as base 1. (b) ATP released after hypotonic shock. Each value is the mean of three independent experiments ± se. externalization in response to UWB radiation is implying only part of the available cellular ATP. Concomitantly, intracellular ATP strongly decreased from 3.8 to 1.6 pmole•µg −1 protein 15 min after the application of electromagnetic pulses (Figure 4) , confirming the intracellular origin of the eATP and suggesting that its increase mobilized over the half of the available ATP pool of the cells. Indeed, the adenylate energy charge, measured to a standard value of 0.73 in the control cells drop to the mean low value of 0.58 15 min after the treatment in exposed samples (Table 1) , confirming a strong effect of radiating UWB radiation pulses toward the energetic status of the cells.
A. Clonogenicity
Colonies
The clonogenic capacity of B16F10 cells was significantly affected by electromagnetic pulses ( Table 1 ) that caused about 20% drop, whatever the treatment configuration (1 set of 60,000 pulses or 2 sets of 30,000 pulses each). This result was similar to the clonogenic capacity decrease observed in the presence of 500 pM of the ATP agonist BzATP, suggesting that eATP interfere with the purinergic P2X7 receptors and thus is susceptible to act, outside of the cell, as a physiologically active molecule.
Discussion
The direct injection of UWB electromagnetic pulses using immersed electrodes in direct contact with the culture medium in small specialized designed cuvette is widely used to study their biological effects on living material [11] . However, exposure of living organisms in an open volume (where no direct contact of electrodes could be achieve) remains frequent both in civilian and military applications. The UWB pulse is in these cases delivered by specific antennas whom design is compatible with the high amplitude ultrashort complex UWB radiation pulses [31] . Such equipment is mainly related to medical devices in the civilian area and to certain kind of radar in the military domain. The Kentech amplifier and Koshelev antenna used in the present work were efficient to deliver a UWB radiation pulse with a waveform comparable in amplitude and duration to that observed through the use of direct (contact) electrodes (Figure 2) .
It has long been demonstrated using immersed electrode that UWB pulses induce the formation of pores (electroporation) in the plasma membrane, and that their number, size, density and duration are proportional to the pulses amplitude and duration [17] - [19] [32] . These pores life is sufficient to allow molecules of diverse size to move across the cell membranes, thus giving the opportunity to highly polar molecules to rapidly and efficiently exit the cell because of the favorable concentration gradient. Among the whole set of cellular molecules that may exit the cell, ATP received a considerable attention these last years [33] . This molecule, present in low quantity in the cell, is continuously consumed and reformed. In addition to its well known function as an energyrelated molecule, ATP is also acting as a signal molecule in both animal [25] and plant cell [34] when externalized after various kinds of environmental signals or injurious stimulus.
Here we observed that short exposure to radiated UWB radiation pulses evoke the rapid increase of ATP in the culture medium (Figure 3(A) ), concomitantly with a decrease of both cellular ATP (Figure 4) and AEC ( Table  1) , demonstrating the cellular origin of ATP. This increase is maximum (5-fold over the control) after 15 min. Its amplitude is, however, much lower than that observed after a massive hypotonic shock (Figure 3(B) , 15-fold increase) showing that only about one third to the half of the cellular ATP readily exit the cell after UWB radiation. This observation is consistent with the internal decrease (about the half) of the ATP content after UWB exposure (Figure 4) .
The kinetics of ATP externalization (maximal after 15 min) is consistent with the observation of Pakhomov et al. [21] [22] that reported long lasting (minutes) increased of membrane conductance of mammalian cells. The contribution of exocytosis to the ATP release, if any, remains to be proven even if short (10 min) 900 MHz phone-type radiation increase exocytosis on epidermal Merkel cells [35] . Membrane resealing is required to preserve cell viability [17] and appears to be ATP-dependant. Reference [36] brings evidence suggesting that RF modulation in the UWB pulse, as applied in our experiments, protect the cell from a lethal electroporation and therefore preserves their viability. However, it is not clear if electroporation is the unique way to externalize ATP since previous work have demonstrated that ATP release from cell may involve a mechano sensitive ATP channel [37] [38] . Indeed, cell treatment with gadolinium (Gd 3+ , a potent inhibitor of stretch-activated channels) prevents ATP release after hypotonic stress [39] . Furthermore, [27] demonstrated that gadolinium blocked the membrane permeabilization induced by UWB treatment in cultured cells. Taken together, these observations suggest that similar ATP channels may account, at least partially, for the ATP externalization evoked after UWB surge through specific mechanosensitive channels. It may also explain that a substantial part of ATP actually remains in the cell while a pore-driven ATP exit may have cause a more massive exit. Further experiment would be necessary to decipher if either electroporation or mechanosensitive channels or both are involved in the externalization of ATP.
The eATP concentration started to diminish after 30 min (Figure 3) , suggesting that it was either hydrolyzed or involved (consumed) into metabolic processes. Further experiments would be required to decipher if eATP is actually involved in physiological events surrounding cell death or recovery after UWB surge. Concomitantly to the ATP release, the energy charge of the cell dropped from 0.73 (control, unexposed cells) to 0.58 in the exposed cells (Table 1) , highlighting a potential strong impact of the UWB radiation exposure on the energy metabolism. Similar observations have previously been reported in plants after high frequency (900 MHz), mobile phone-like exposure [30] and were proposed to be related to direct externalization of ATP [40] . Surprisingly, and despite deep impact on the energy metabolism of the cells, the UWB radiation pulse did not dramatically affect cells viability ( Table 1) . The UWB pulses used in the present work only slightly affect cell survival. Our observations are in accordance with those of reference [9] that reported that only non-fixed cultured cells are sensitive to UWB radiations. Thus, a substantial amount of ATP (Figure 4 ) and ATP synthesis capacity seems to be preserved in the exposed samples to allow cell survival and subsequent cell divisions. In contrast, UWB radiation pulses significantly inhibit clonogenicity by about 20% ( Table 1) . This effect could be mimicked by the addition of the ATP agonist bzATP in the culture medium (Table 1) indicating that the clonogenic inhibition was indeed directly related to the ATP release, therefore suggesting that eATP was a biologically active molecule. This observation is consistent with previous work [41] [42] that highlight an inhibitory effect of ATP on cell proliferation.
Conclusion
In summary, our results demonstrated that radiated UWB pulses can effectively evoke distant biological events (rapid, massive yet non-lethal release of ATP) similarly to that observed after direct, contact electrode-based application of UWB.
